This paper presents a low profile dual polarized directional antenna composed of loop and dipole arrays mounted on a ground plane with each loops and dipoles being fed independently. Each loop antenna is paired with a reflector while each dipole antenna is paired with a director and a reflector. The proposed antenna is intended for an indoor base station (BS) with resonance frequency of 2.4 GHz and capable of producing four orthogonal directional pattern with downward elevation angle equals to 30˚ and half power bandwidth (HPBW) less than 80˚ in both vertical and horizontal polarization. The reflection characteristics of the loop and dipole arrays are less than −10 dB and the mutual coupling between the vertical and horizontal polarization elements is nearly less than −20 dB. In later progress, the dipole antenna was substituted with printed dipole antenna to achieve a better performance. Both the calculated and measured results demonstrated that the desired radiation patterns were achieved, and the measured results agreed well with the calculated ones. Consequently, a low profile antenna with a thickness of 0.16 λ (20 mm) having the expected radiation pattern is successfully designed.
Introduction
The communication systems today is facing an ever-increasing demand on providing a wireless system that is the capable of enabling higher voice and data rates while at the same times supporting higher capacity users. Especially for indoor communication systems, various researches regarding channel capacity enhancement were done to oversee this situation [1] - [4] . High channel capacity can be developed using MIMO technology, and a handful of studies on maximizing channel capacity have been reported [5] - [7] . In multi antennas environment, optimizing the radiation pattern and polarization are very effective especially in enhancing the channel capacity. For example, Dietrich et al. [8] empirically demonstrated that a low correlation coefficient was obtained using pattern and polarization diversity. An optimized radiation pattern can be delivered by adjusting the electrical length of parasitic elements of Yagi-Uda thus enhancing channel capacity and improving antenna performance as reported by Honma et al. [9] . In addition, Kyritsi et al. [10] showed that the channel capacity of a hybrid polarization system outperformed a single polarization system due to the independence of the propagation paths of the two polarizations. Qin et al. [11] also reported that the capacity of the system could be improved significantly by using antennas radiating different polarizations compared with antennas with the same polarization.
One of an important design consideration aside from high performance characteristics is miniaturization. A low profile structure is desirable because of easy installation and low costing. However, a notable problem regarding miniaturization of antenna is mutual coupling. As the arrangement of the antenna elements especially the spacing between the elements will be narrow, the mutual coupling between the elements will increase instead. One of the methods to address this issue is by using a matching network [12] . However, this method will cease to unnecessary when we can design an antenna that is small enough in size without reducing the channel capacity by effectively utilizing the polarization [13] - [17] . At the moment however, only few studies have examined miniaturization with consideration of radiation patterns, particularly the design of low profile antenna with directive patterns.
In this paper, we present a novel low profile directional antenna intended for an indoor base station (BS). Although few researches have been reported regarding this topic [13] - [16] , this antenna is designed with an emphasis on radiation pattern instead. And unlike the MIMO antenna that is previously designed considering radiation pattern in [17] , our priority is to produce a more directive pattern in both vertical and horizontal plane. Previously, we have evaluated a BS MIMO antenna mounted on the ceiling for downlink transmission and demonstrated that directive radiation patterns with a tilted angle in downward direction are effective for enhancing signal-to-noise ratio (SNR) and channel capacity compared with a sleeve antenna configuration [18] . The MIMO antenna used in [18] , which 30 mm in height was constructed using cavity-backed slot antenna as vertical element and dipole antenna as horizontal element was proposed in [19] .
Although dual polarization was achieved in [19] , partitions needed to be used inside the cavity in 4 elements adaptation to suppress mutual coupling. In this paper however, we utilize a dipole as the horizontal element and loop antenna as the vertical element with a much lower height of 20 mm. By using a loop, we eliminated the need for cavity and partition and the design became much simpler and with low mutual coupling too. The antenna configuration also was fed independently, which eradicated the need for complex feeding circuit such as phase shifter for example. The design also provides a space in the middle of the structure where we can utilize it according to desirable applications. Although we have already reported this antenna characteristic briefly in [20] , we did not elaborated in details on the process of the structure itself. Therefore, in this paper we explain the process and present the summary of the structure, operation principle and antenna characteristic performance of the proposed antenna.
Antenna Design
Channel capacity can be enhanced efficiently by utilizing the radiation pattern and the polarization of designed antenna [9] . In this paper we propose an antenna configuration consists of arrays of loops and dipoles, with operating frequency of 2.4 GHz that gives the lambda, λ equals to 125 mm. The proposed antenna has dual polarization elements, vertical and horizontal with downward elevation angle at 30˚ and half power bandwidth (HPBW) less than 80˚. Each of the arrays will be discuss in details sequently.
Vertical Polarization Element
In the initial stage of the research, we designed a single loop with a reflector as shown in Figure 1(a) . A loop was mounted on a square ground plane with dimension 220 × 220 mm, 55 mm from the edge of one side of the ground plane to make room for other arrays. The height and the length of the loop antenna are 15 mm and 34 mm respectively. The loop structure is actually similar to two monopoles with similar radiation pattern as shown in Figure 1(b) , which shows the radiation pattern when the loop was fed without a reflector. But unlike mono- pole, simply by adding a reflector with the same height to the loop antenna we managed to suppress and shape the radiation pattern into beam-like pattern and tilt it into an angle. From Figure 1 (c) we confirmed that not only the pattern has been tilted to 56˚, the HPBW also has been reduced to less than 80˚ with the gain of 8.9 dBi at resonance frequency of 2. . From this graph we confirmed that the resonance frequency has increases and mutual coupling became stronger when the identical configurations were arranged in four directions. The reflection characteristic of S 11 is less than −10 dB at 2.4 GHz, while the mutual coupling S 21 and S 31 between adjacent and facing elements are less than −30 dB and approximately −20 dB, respectively. The reason for the observed low mutual coupling in Figure 2 (b) is due to the suppression of backward radiation in the 270˚ direction by the reflector.
These output performances are able to be maintained simply by adjusting the length of the loop antenna and the distance between this feeding element and the edge of the ground plane to 60 mm, without altering the height of the element. As a result, an antenna of 15 mm in height representing vertical polarization element is achieved. By just adding a reflector, a directional radiation pattern is achieved while at the same time, a lower mutual coupling compared to without reflector is delivered as confirmed in Figure 2 (b).
Combination of Vertical and Horizontal Polarization Elements
Successfully confirming the characteristics of vertical polarization element with desired results, the next following step was to add the horizontal element into the structure to produce dual polarization elements as targeted. This was done initially by extracting just one element of the loop arrays (port 1) from the four arrays shown in Figure 2 (a) and added a dipole antenna, denoted as port 5 to serve as horizontal element in the structure as illustrated in Figure 3 (a). Combination of dipole antenna and another antenna such as slot or even loop is not exactly a new approach in designing a dual polarization antenna especially when dipole antenna easily deliver good performance with simple configuration as horizontal element. However in this design, the loop and dipole antenna is fed independently to produce dual polarization elements which can be achieve by using just a simple feeding circuit. A distance of D r was set between the dipole and the loop while adjusting the length of the dipole to match the input impedance at resonance frequency. The reflection characteristic S 55 of the dipole as a function of D h , which represents the height of the dipole from the ground plane are shown in Figure 3(c) . As D h becomes smaller, the resonance frequency shifts to a higher frequency making it more difficult to match the impedance properly. When D h is greater than 15 mm, which a distance higher than the vertical polarization elements given by the loop array, the performance becomes better where S 55 read below-10 dB. From these results we con- cluded that to obtain a good reflection characteristic, we need to set the dipole at a height of between 18 and 20 mm. Figure 4 shows the reflection characteristics for the loop and dipole array evaluated at several D r values ranging from 5 mm to 35 mm, which represents the distance between the loop and dipole antenna at the D h fixed at 18 mm. This parameter analysis is important to confirm the influence of both vertical and horizontal elements against each other. From Figure 4 (a) we confirmed that although the loop antenna has a component parallel to the dipole, the reflection characteristics show that the element resonant at 2.4 GHz regarding the value of D r and the impedance is matched well below −10 dB. From these results we concluded that the added dipole element only has a very small effect on the loop element. This is one of the important benefits of using dipole as horizontal polarization element aside from simple and easy configuration. With respect to the dipole, the resonance frequency increases and shifted to higher value as the D r gets smaller. Although the dipole antenna has been influenced a little bit by the loop array, from this parameter analysis we were able to conclude that a D r greater than 25 mm is preferable where the reflection characteristic read at below −10 dB.
Upon completing the analysis, we proceeded to add other 3 dipoles antennas to the structure in Figure 2 (a) to achieve 4 radiation patterns in 4 directions for horizontal element similar to vertical element process before as illustrated in Figure 5 . Vertical polarization element is constructed using four loop antenna and reflectors, while four dipole antennas with added directors were used for horizontal polarization element. A dipole without a director gave a half circle untilted pattern that would not satisfy our target. Similar to reflector, a director was added into the structure to change the radiation pattern to the desired angle. A few parameters of the elements were optimized to produces the best performance of this structure. Both the height of the loop and dipole arrays was maintained at 15 mm and 18 mm respectively. The length of the loop antenna and reflector is 35 mm and 40 mm while for dipole antenna and director is 55 mm and 53 mm respectively. Figure 6 (a) and Figure 6(b) show the radiation pattern for the loop array and dipole array calculated at port 1 and port 5 respectively. Although both the patterns tilted at the same angle, the HPBW of the dipole is larger and the gain is slightly lower than the loop. From Figure 6 (c) also we confirmed that the reflection characteristic for dipole, S 55 is higher than −10 dB. From these results we concluded that the HPBW and reflection characteristic of the dipole need to be improved. The results also show that dipole array exhibits a back lobe problem as opposed to radiation pattern for loop array. When only the feeding element of the dipole was mounted, it radiation pattern forms a half circle shape pointing to z-direction due to the reflection from the ground plane. To obtain obliquely upward beam tilted, we first consider mounting director, which location was optimized by analyzing a few parameters. We confirmed that a director operated well when the distance between a director and a feeding element was 30 mm. For the distance between a feeding element of the dipole and that of loop, more than 25 mm was found to be desirable, as indicated from the results in Figure 4(b) . However, to improve the undesirable performance of dipole array, a reflector is added to each dipole array. In consideration of the above results, the director was positioned at the edge of the ground, and the feeding element were positioned 30 mm inside the edge of ground plane. Subsequently, reflector was also mounted to improve the HPBW that is larger than the desired value when we used structure in Figure 5 . Figure 7(a) shows the reflector was positioned 30 mm from the dipole antenna, exactly on the top of the loop antenna. All the parameters for the loop arrays were maintained while the height of the dipole arrays was adjusted to 20 mm to match the impedance properly at 2.4 GHz. The radiation patterns show in Figure 7(b) shows an increasing in cross polarization for the loop although other parameters are maintained. On the other hands, the tilted angle for dipole becomes worse, reading at 79˚ even though the HPBW has improved slightly to 78.8˚ and the gain maxed at 9.1 dBi as show in Figure 7(c) . We also confirmed that there is a back lobe problem from the figure. Again, parameters with low elevation angle combining with slightly poor S 55 and big back lobe have to be improved to produce a good antenna performance.
After simulating the structure, we were able to decide the working position for the reflector. When the reflector of the dipole antenna was positioned outside the loop antenna, nearer to the edge of the ground plane than the loop antenna, impedance matching is difficult to achieve and unfortunately the tilted angle is larger than the desired value. However, when the reflector was moved and positioned closer to the feeding element of the loop antenna, horizontal polarization is generated in dipole array. Therefore, reflectors of the dipole antennas need to be located inside the feeding elements of the loop antennas, positioned nearer to the center of the ground than the feeding elements of the loop antennas. Figure 8 shows the optimized configuration of the proposed antenna with 4 arrays of loops and dipoles arranged in 4 directions symmetrically towards each other with port assignments as numbered. The vertical polarization element was constructed with a loop antenna and by adding a reflector, a directional radiation pattern with tilted angle of 60˚ is produced. On the other hand, the horizontal polarization element was constructed using a dipole antenna, a director and a reflector. Similar to loop array, director and reflector are used to shape and direct the radiation pattern into desired results. Each of the parameters of these elements especially the length and the position, was optimized to produce a good antenna performance especially the tilted radiation pattern in both vertical and horizontal polarization. In Figure 8(b) , we show that the height of loop arrays was set at 15 mm while the height of dipole arrays was fixed at 20 mm. Furthermore, we illustrate the adjustment of the reflector for the dipole towards the center of the ground plane to optimize the antenna performance.
The added reflector gave benefit to dipole where the reflection characteristic is improved and the back lobe problem is eliminated as shown in Figure 9(b) . The distance between the reflector and the loop is just 0.04 λ (5 mm) which is very small as shown in Figure 8(b) . Interestingly, the added reflector influenced the performance of the dipole array only, without affecting the performance of the loop array at all considering the small distance between the two. This was achieved because in radiation pattern for the loop array, the null pointed towards z-direction is small enough and not affected by the existence of the reflector. Figure 9 shows the performance of the optimized antenna structure calculated using port 1 for loop array and port 5 for dipole array. Figure 9 (a) and Figure 9(b) show the radiation patterns in the xz plane for both loop and dipole arrays respectively with the radiation patterns tilted at similar angle. For both the loop and dipole arrays, cross polarizations are sufficiently low, and directional radiation patterns with suppressed backward radiation are obtained. The HPBWs for loop and dipole arrays are 57.1˚ and 70.9˚ respectively, while the tilted angles of the beam and gains are 61˚ and 52˚, and 8.4 dBi and 9.1 dBi respectively. The radiation patterns for the other ports also display the same characteristics due to the symmetrical property of the structure. On the other hand, the reflection characteristics result as illustrated in Figure 9 (c) shows that the reflection characteristics for the loop array (S 11 ) and dipole array (S 55 ) are less than −10 dB at 2.4 GHz. Furthermore, the mutual coupling between the vertical and horizontal polarization elements (S 51 ) is less than −30 dB at resonance frequency, which is sufficiently low due to the orthogonal polarization. For the mutual coupling between vertical polarization elements, although S 31 is slightly higher than −20 dB, S 21 and S 41 is less than −30 dB which are sufficiently low as the backward radiation are suppressed by the reflectors of the loop arrays. Table 1 presents the comparison between the loop antenna and dipole antenna to summarize the performance of the proposed optimized configuration.
Design Improvement and Measurement Results
In Figure 8 the feeding line structure of the dipole antenna was not considered for simplicity especially when we want to make a prototype out of the design. However, it is necessary to examine a more detailed simulation model to accurately evaluate the antenna performance characteristics. Therefore, in the final stage of the design we replaced the dipole antenna structure which is a straight wire with a printed dipole antenna as illustrated in Figure 10(a) . A dipole antenna was printed on both side of a glass epoxy with dielectric substrate of ɛ r = 4.8 and a thickness of 1.6 mm. On the ground side of the substrate, the conductor increases in width form 4 to 12 mm forming a tapered shape, functioning as balun as shown in Figure 10(b) . The height of the printed dipole antenna was maintained at 20 mm as for dipole antenna. Figure 10(b) . The feeding elements and reflectors for the loop arrays are 1 mm in thickness, while the directors and reflectors for dipole antennas were 4 mm instead. All of the elements were made of perfect conductors, with the height of the loop and dipole arrays were 15 and 20 mm respectively. In the fabricated antenna shown in Figure 10 (c), a copper plate was used for the ground plane, loop antennas, directors, and reflectors. All the feeding for both loops and dipoles antenna were conducted by feed pins from beneath the ground. The directors and reflectors of dipole antenna were easily fixed using the styrene foam to make them stay in the designated position and height. After fabricating the proposed antenna, we measured it for both reflection characteristic and radiation pattern to compare it with calculated results. Figure 11 (a) and Figure 11(b) show the comparison of reflection characteristics between the calculated (a) and measured (b) results for the proposed antenna. From these graphs we confirmed that at resonance frequency of 2.4 GHz, both the loop array (S 11 ) and dipole array (S 55 ) readings are below −10 dB in both calculated and measured data. In term of mutual coupling between the vertical and horizontal elements (S 51 ), as expected the measured value is increased considering the feeding structures of the dipole antennas. However, the reading of approximately −20 dB at 2.4 GHz is sufficiently low and acceptable. Moreover, although the mutual coupling between the facing vertical polarization elements (S 31 ) is a little bit higher in the calculated data, we confirmed that all of the isolation characteristics including mutual coupling between the adjacent vertical elements are nearly less than −20 dB in the measured data.
Finally, we compared the calculated and measured radiation patterns in the xz plane for both loop and dipole arrays as shown in Figure 11 (c) and Figure 11(d) . The above patterns are for calculated results while the below patterns are for measured results. From these results we found that the cross polarizations are sufficiently low and the directional radiation patterns with suppressed backward radiations are obtained. According to the calculation, the tilted angles of the loop and dipole arrays are 61˚ and 52˚ respectively and HPBWs are 55.5˚ and 70.9˚ respectively. Although the calculated radiation patterns are normalized with the maximum value, the gains for the loop and dipole elements are 8.0 dBi and 8.2 dBi respectively. Notably, the measured radiation patterns are similar to the calculated radiation patterns. The tilted angles for the loop and dipole arrays are 63˚ and 50˚ respectively and he HPBW are 61˚ and 78˚ respectively.
As indicated by these results, the desired radiation patterns are achieve based on the design guidelines of 60˚ to 80˚ HPBW and a 60˚ tilted angle, and a low profile directional antenna with a thickness of 0.16 λ (20 mm) has been achieved.
Conclusions
We have proposed a low profile dual polarized directional antenna, consisting of loop and dipole arrays for an indoor base station. The proposed antenna has four directional radiation patterns in four orthogonal directions in the horizontal plane. A narrow HPBW of approximately 60˚ to 80˚ and a tilted angle from the z-direction close to 60˚ were set as the target parameters of each radiation pattern. Both the calculated and measured results demonstrated that the desired radiation patterns were achieved, and the measured radiation pattern agreed well with the calculated ones. The reflection characteristics of the loop and dipole antennas are less than −10 dB and mutual coupling between vertical polarization elements, and between vertical and horizontal polarization elements is nearly less than −20 dB in the measured data. Consequently, we successfully developed a low-profile directional antenna with a thickness of only 0.16 λ (20 mm). In this paper, the proposed antenna design is capable of transmitting up to eight beams, and up to four beams with vertical or horizontal polarization depending on the state of the mobile station. In addition, the proposed antenna can be used as a pattern diversity antenna, and vertical and horizontal polarizations can be radiated in the identical directions. Thus, the potential applications of the proposed antenna cover a wide range of possibilities. 
